and T cell receptor genes.
samples were referred to our laboratory when either morphological analysis and/or immunophenotyping was unable to classify or define a neoplastic population between March Introduction 1990 and March 1995. Specimens received included peripheral blood, bone marrow aspirates, lymph node or tissue As lymphoid malignancies are clonal in origin, the demonbiopsies (including spleen, skin, pleural fluid, liver and lung). stration of clonality within a cell population can provide important information that supports the diagnosis of a neoplastic process. 1, 2 Previously, clonal analysis has been limited
DNA extraction
to B cell populations by demonstrating light chain restriction by immunoelectrophoresis. Cloning of the antigen receptor DNA was extracted from fresh cell suspensions by either cell genes enabled restriction enzyme digestion and Southern blotlysis, proteinase K digestion and ethanol precipitation 16 or a ting to be applied to determine gene configuration. This salting out method utilizing the Progenome II DNA extraction allowed the molecular identification of clonal hemopoietic kit (Progen, Darra, Australia). DNA from fixed, paraffinproliferations without the necessity for examining gene embedded tissue was obtained as described. 17 All DNA expression. Southern blotting has the advantage of being able samples were resuspended in TE (10 mM Tris-HCl (pH 8.0), 1 mM EDTA, Sigma, St Louis, MO, USA), stored at 4°C and assessed for quality and quantity by spectrophoretic analysis
Correspondence: S Rockman Received 25 June 1996; accepted 27 February 1997 (Beckman DU50, Palo Alto, CA, USA). Table 1a and b. Southern blotting demonstrated 31% of patients studied here had detectable abnormal or deleted bands. The PCR analysis demonstrated only a slightly greater Southern blotting analysis was performed as previously number of patients (38%). A small group of patients (n = 10) described. 18 Genomic human DNA fragments used in this demonstrated a clonal rearrangement in both the TCR and IgH study to assess the status of the TCR genes and immunoglobgenes. Collating both techniques, a total of 91 of the 230 ulin light chain loci have been described previously. 19 The patients (40%) demonstrated a clonal rearrangement. immunoglobulin heavy chain gene was analyzed witha 6.0 kb
Southern blotting analysis
In comparison, the overall detection of clonal rearrangeBamHI-HindIII fragment containing the J 1-6 joining segment. ments in patients characterized by morphology, immuno-A minimum of three restriction enzyme digests including phenotyping and/or Southern blotting, from recent studies is either BamHI, EcoRI, PstI, PvuII or HindIII was performed for given for the IgH gene (FR111a) (Table 1a ). In cases of characeach sample. A sample was considered to be rearranged by terized malignant lymphoproliferative disease, PCR and Southern blotting when a minimum of two restriction digests Southern blotting analysis of the IgH gene were comparable, demonstrated an abnormal pattern, either the presence of detecting clonality in between 70 and 71% of cases positive. additional bands or the loss of germline bands.
In 
Polymerase chain reaction
Southern blotting for the TCR ␥ locus is given in Table 1b . Low rates of detecting clonal populations in T cell lymphoma Detection of the TCR gamma VJ region and the third framehave been reported, in particular from skin. 25, 26 In defined work portion of the IgH V region was performed with the primalignant lymphoproliferative disorders the detection rate for mers as described.
22 PCR was performed using 2.5 units of Southern blotting and PCR were similar, between 76 and Taq polymerase (Promega, Madison, WI, USA) in a 50 l vol-70%, respectively. In other clinical situations (cases of ume containing 50 mM KCl, 10 mM Tris-HCl, pH 9.0, 0.1% reactive, non-hematologic malignancy, non-diagnostic Triton X-100, 1.6 mM MgCl 2 , 0.4 mM of deoxynucleotide trisamples or Hodgkin's disease), few clonal populations were phosphates with between 0.1 and 1 g of DNA. For amplifidetected by either Southern blotting or PCR (6 and 10%, cation of the TCR ␥ gene a single round of PCR was performed respectively). In this study, a higher rate of detection of a (35 cycles of 94°C for 60 s; 55°C for 60 s; and 72°C for 60 s)
clonal cell population was documented by Southern blotting with the primers as described. 22 Amplification of the immuno-(18%), compared to PCR (14%). globulin heavy chain used a hemi-nested PCR with a first A subgroup of patients (n = 61) in this study were followed round of 35 cycles with primers LJH and FR3A, 22 followed by for clinical outcome (median time 42 months, range 1-68 a 1:10 000 dilution and a second reaction of 30 cycles with months). Of patients with antigen receptor rearrangements primers VLJH and FR3A (94°C, 60 s; 53.5°C, 60 s; 72°C 60 s).
(n = 37), detected by Southern blotting and/or PCR, 30 Amplification of the internal repeat I of the EBV used primers developed malignant lymphoproliferative disease (median as described. 20 This PCR mixture (as above) was subjected to time 3 months, range 1-17). Seven patients from this group 35 cycles of 94°C, 60 s; 53.5°C, 60 s; 72°C 60 s.
were disease free at the time of follow-up (median time 39 Ten microliters of a PCR product was electrophoresed months, range 6-48). Of these patients, 6/7 had clonal poputhrough 6% polyacrylamide gels in TBE buffer (89 mM Tris lations defined in the peripheral blood. The lack of probase, 89 mM boric acid, 2 mM EDTA), stained with ethidium gression in seven patients was attributed to the detection of bromide and examined under UV light for assessment or run a clonal reactivity population. Thus the predictive value of on a 1% agarose/TAE gel, alkaline blotted with 0.4 M NaOH detecting a clonal population by either technique was 81%. and probed with either an internal oligonucleotide or genAnalysis of patients without detectable antigen receptor omic fragment. rearrangements (n = 24), revealed five patients who developed In all PCR reactions, a negative (no DNA) control, a normal malignant lymphoproliferative disease (median 9 months, peripheral blood leukocyte control and appropriate positive range 3-15). The remaining patients without gene rearrangecontrol were included. All precautions for the prevention of ments (n = 19) were disease free (median 42 months, range 3-contamination were carried out as previously described. 23, 24 68). The predictive value in cases where clonality could not be demonstrated was therefore 79%.
Results

Southern blotting vs polymerase chain reaction
Antigen receptor gene analysis Specificity: This study provided an opportunity to compare directly the specificity of Southern blotting and PCR in this unique patient population. This comparison was perforSamples (n = 307) from 230 patients were examined for TCR and IgH gene rearrangements by molecular techniques when med in a blinded manner. The results of samples tested for rearrangement of the TCR ␥ locus and the IgH (CDR III) gene they could not be classified by morphology or immunophenotyping. The frequency of detecting gene rearrangements by by Southern blotting and PCR are given in Table 2a and b. In the majority of samples analyzed by both techniques, SouthSouthern blotting and PCR in this study is presented in Table 1a Southern ern blotting and PCR were in agreement (70/88 IgH locus and bined results indicated a significant difference between Southern blotting and PCR (P = 0.005). Collation of studies from the 36/40 TCR ␥ gene). As expected, given the heightened sensitivity of PCR, the major discrepancy (14/22 cases) was the literature for the IgH gene (see Table 2a ) demonstrated the opposite findings with a greater number of cases being negademonstration of a clonal population as defined by PCR that was not evident by Southern blotting. In particular, the hemitive by PCR but positive by Southern blotting. For the IgH locus, PCR and Southern blotting appear to detect different nested immunoglobulin heavy chain gene demonstrated a positive band in 12/14 of these cases.
2 analysis of the comevents in some cases. This discrepancy may be attributed to differences in sensitivities between the two methods (see 8) . Therefore the diagnosis of a clonal population based solely on PCR results should not be considered in isolation but in below). Figure 1 highlights the subjective nature of the interpretcontext with the clinical setting. We examined reports where Southern blotting was comation of PCR results. A range of samples were amplified in duplicate with the hemi-nested immunoglobulin heavy chain pared to PCR for the TCR ␥ locus (see Table 2b ). We noted that for the TCR ␥ locus, the two methods were in agreement gene oligonucleotides. Consistent clonal bands are seen in replicate samples in half of the samples (lanes 3, 6, 7, 8) .
in 117 of 123 cases. This finding was very similar to our own. We concluded that for this locus, Southern blotting and PCR However, samples 2, 4, 5 displayed inconsistent results. Clonal populations were also seen in some reactive lymphoid yield results that are closely correlated. In summary, the correlation of Southern blotting and PCR proliferations in patients who were free of malignancy (lane can differ depending on the locus examined. Our study demonstrated that Southern blotting and PCR give similar results at the TCR ␥ locus but often yield discrepant results when analyzing the IgH chain gene.
Sensitivity:
The sensitivity of Southern blotting and PCR was performed for different loci (IgH and TCR ␥) to determine if they were comparable. Cells of the RAJI Burkitt's lymphoma cell line and the CCRF-CEM T cell acute lymphocytic leukemic cell line were diluted into peripheral blood and then the DNA was extracted as described above (Materials and sitivity of between 2 and 5% of the total cells when both the IgH chain locus (see Figure 2c ) and the TCR ␥ gene (data not tissue sample may be important in detecting an abnormal population. shown) were analyzed.
PCR was able to detect rearrangement of the TCR ␥ in between 3 and 6% of the total cells (Figure 2c ). This was similar to detecting rearrangements of the TCR ␥ gene by Southern
Analysis of peripheral blood vs bone marrow:
In our study, parallel samples of peripheral blood and bone marrow blotting. However, PCR analysis of the IgH locus demonstrated at least a 10-to 20-fold difference in sensitivity were frequently sent for analysis (n = 53, see Table 3a and b). Collation of Southern blotting and PCR results documented 17 between Southern blotting and PCR when leukemic cell lines were diluted in peripheral blood (3-6% vs 0.09%, cases with an abnormality in the peripheral blood that was also evident in the bone marrow. In nine cases, the bone marrespectively). This contrasts with Southern blotting where the sensitivity of detection was 3% of abnormal cells (see row demonstrated a clonal population that was not detected in the peripheral blood. Six cases demonstrated bone marrow Figure 2) .
The difference between the sensitivities of Southern blotting that was negative in the presence of an abnormal result in the peripheral blood. This was attributed to sampling problems vs PCR at different loci (IgH and TCR ␥) was attributed to the difference in the relative number of abnormal cells compared associated with obtaining bone marrow samples or clonal reactivity in peripheral blood. to polyclonal lymphoid cells whose DNA was co-amplified during PCR. From these results and other examples (see Figure 1) , the interpretation of PCR results appeared more subjective than Southern blotting. This suggests that the type of
Post-transplant lymphoproliferative disorder (PTLD):
A however, had bands that were of different molecular weights. EBV nuclear antigen was only detected in the sample from the pericardium, the site of disease. The TCR ␥ locus was found to be polyclonal in each sample. Thus, there were clonal populations of B cells in all specimens examined in this group of post-transplantation lymphoid cell proliferations patient while the detection of EBV in the pericardium correwere referred for molecular analysis for clonality and EBV lated with the site of disease. The finding of either a clonal status. This included 14 patients with lymphocytosis after lymphoid population or the presence of EBV by PCR did not transplantation: seven of these following bone marrow transpredict progression to malignancy. plants and seven following solid organ transplant (three renal,
We therefore sought to analyze the clonality of EBV, since one liver, one lung, two cardiac). The median time for the monoclonal presence of EBV may suggest the progression developing PTLD was 188 days post-transplant (range from lymphoproliferation to lymphoma. This is readily perfordays). While 8/14 patients' lymphoid cells displayed a T cell med as each EBV clone has a characteristic terminal fragment phenotype as assessed by immunofluorescence analysis, only length. 27 Analysis of digested genomic DNA demonstrated a a single patient demonstrated a rearrangement of the TCR ␥ monoclonal integration of EBV ( Figure 4 ) in two of our 14 gene. Clonal rearrangements of the antigen receptor loci were demonstrated in 4/14 cases (see Table 4 ), the remaining cases patients. In these examples, EBV appeared as a single band of ies in selected, well-characterized cases of hemopoietic malignancy. For example, when cases were screened by morphology and/or immunophenotyping, Southern blotting was abnormal in 83-100%. 8, 28 This was also true for particular disease subgroups such as myeloma (80% abnormal, 29 or B cell precursor acute lymphoblastic leukemia (95%, abnormal, 19 )). Similarly, analysis of the immunoglobulin heavy chain gene (CDR III region) and the T cell receptor gamma locus by PCR demonstrated a high percentage of cases with clonal rearrangements in specific patient groups. Brisco et al 12 reported detection of clonality in 83% of childhood acute leukemia; 96% clonal rearrangements were noted in well-characterized B cell malignancies. 40% of 230 patients that showed rearrangements reported here.
The majority of patients in our study who had a clonal a single molecular weight implying clonality. The finding of a monoclonal EBV population at this level of sensitivity folpopulation detected by either Southern blotting or PCR, developed a malignant lymphoproliferative disorder. Weinlowing immune suppression was considered significant. Moreover both patients subsequently died of progressive B berg et al 30 suggested that once rare benign clonal clinical syndromes are excluded, the detection of a clonal population cell lymphoma. Patient 5 died 8 days after diagnosis and patient 7 died 4 months from diagnosis. In contrast, 11 of the suggests a malignant process. Seven patients with detectable clonal lymphoid populations have remained disease free. This other 12 patients remain alive (median time 16 months, range 7-24).
suggests the expansion of clonal populations either as part of a non-malignant process or which can be contained. Several lymphoid disorders which are not considered neoplastic or uniformly associated with a fatal evolution to uncontrolled Discussion lymphoid malignancy have had clonal rearrangements described. Table 5 lists some of these disorders and the loci
Antigen receptor gene analysis
that have been rearranged. It should also be noted that a minority of these benign conditions have a propensity to develop Molecular techniques can document clonal lymphoid populations. We analyzed the application of gene rearrangement into a lymphoid malignancy. 31 Alternatively, monoclonal benign lymphoid populations can regress when the stimulus studies to patients who presented with ambiguous cell populations that could not be unequivocally classified by stanis removed. For example, benign monoclonal gammopathies may regress when immunosuppression is ceased. dard techniques.
Previous reports have established gene rearrangement studWhile the majority of patients without detectable antigen receptor rearrangements remained disease free, five patients primers from annealing to template DNA. Third, the lack of complementation of V region oligonucleotides, may preclude developed a malignant lymphoid disease. Two of these patients were negative by Southern blotting, two negative by adequate priming of all VJ or VDJ rearrangements. The latter may also be the result of deletion of the 3′ terminal bases PCR and one negative by both techniques. In this group of patients (gene rearrangement negative), the median time to during VDJ recombination. 4 Medeiros and Weiss 37 further suggested that no combination of oligonucleotides have been develop lymphoid malignancy was 9 months, whereas the median time to presentation with detectable rearrangements shown to be 100% sensitive for antigen receptor rearrangements. Finally, false negative polymerase chain reaction was 3 months. Too few patients have been examined to make any conclusive statements; these patients may simply reflect results may simply be due to sampling error caused by the small amount of DNA (Ͻ1g or Ͻ2 × 10 5 cells) employed in sampling error, or the numbers of malignant cells at the time of analysis that were below detectable levels.
the reaction 38 or inhibition of the reaction due to contaminants. 39 Therefore, negative results by the polymerase chain Thus, in summary, antigen receptor configuration analysis appears to be useful in the context of differentiating clonal reaction should be interpreted with some caution. A few reports have documented false positive results by proliferative disorders from reactive cases. The rates of detection vary in relation to the classification of the disease. Once PCR for analyzing the antigen receptor genes. 6, 24, 40 Such false positive results may be due to either contamination, a a small number of benign lymphoid disorders are excluded, the finding of a clonal population should be considered siglocalized reactive lymphocyte clone or a low starting population of polyclonal lymphocytes. The majority of these nificant. The failure to detect a clonal population should be interpreted with caution.
examples occurred in cases of 'reactive' lymphoid hyperplasia, although one adenocarcinoma has been reported.
24
Corradini et al 41 suggested that preferential priming may lead to biased amplification due to the use of consensus primers
Southern blotting vs polymerase chain reaction
in a hemi-nested PCR. Hemi-nested PCR can increase the sensitivity of amplification with a resultant loss in specificity. As Specificity:
A number of studies have suggested that Southern blotting and PCR are comparable in detecting antidiscussed above, the selection of cases that were positive by Southern blotting for subsequent PCR analysis 5, 8, 38 excludes gen receptor rearrangements. In our study we found that the detection of rearrangements of the TCR ␥ locus was comparathe possibility of false positives and increases the likelihood of obtaining false negative results. ble by Southern blotting and PCR. However, discrepancies were evident when examining the IgH locus. We concluded
The false positive rate of Southern blotting has been reported to be low. However, reports of false positive Souththat these discrepancies may be explained by the increased sensitivity of PCR for the detection of clonal rearrangements ern blotting for antigen receptor analysis range from an estimated 2% 18 to 12.5%. 40 Additional bands visualized by of the IgH gene.
The difference in specificity between various studies may Southern blotting may be due to incomplete digestion of genomic DNA, restriction fragment length polymorphisms or the be attributable to either the selection of positive cases by Southern blotting for testing by PCR, 9, 22 or the selection of possibility of detecting pseudogenes. False negative results in Southern blotting have been sugwell-characterized sets of neoplasms. 10, 11, 13, 14, 25, 32 Analysis of the former group biases the study to favor reporting of PCR as gested to be due to low numbers of clonal cells or micrometastatic disease. 18 For adequate analysis by Southern blotting falsely negative. The frequency of false negative reports ranges from Ͻ10% up to 40% for antigen receptor gene polymerase sufficient numbers of abnormal cells need to be present in the sample (Ͼ5%). Another consideration is not detecting an chain reaction 4, 9, 13, 24, [33] [34] [35] [36] and has been suggested to differ in subtypes of lymphoma. 8, 10 abnormality due to the co-migration of bands. 33 Southern blotting has the advantage over PCR since it can detect rearrangeDiss et al 9 presented several possible explanations for false negative PCR. First, DNA may not be amplified due to partial ments routinely over 10-20 kb. However, often only single probes are used to detect the majority of rearrangements. rearrangements (D-J) or chromosomal translocations inhibiting the juxtaposition of V and J regions. Second, some Thus, we recommend that samples analyzed by Southern blotting should be assessed with more than a single probe. In tumors, (eg follicular center cell lymphomas) may display somatic hypermutation which can prevent the oligonucleotide every Southern blotting analysis, a genomic control is recommended and samples compared directly. We also recautonomous and independent of viral replication. Analysis of EBV-fused termini in infected malignant cells frequently ommend that duplicate samples for PCR analysis should be performed. Our experience suggests that in the absence of any demonstrates clonal EBV genome, implicating this as a step in the development of malignancy. 47 detectable amplification or distinct band by PCR in highly suggestive cases, a repeat specimen should be requested. If The detection of EBV in lymphoproliferative disorders has been reported in 1/46 B cell lymphomas, 3/29 T cell lymsufficient numbers of abnormal cells are present as assessed by morphology and/or immunophenotyping, PCR negative phomas and 3/9 Hodgkin's disease. 48 In this report, EBV was not reported in cases of common acute lymphocytic leukemia, results should be assessed by a second methodology, such as Southern blotting. subacute necrotizing lymphadenopathy, or reactive hyperplasia of lymph nodes. However, EBV has been reported in normal lymph nodes 49 and is considered to be associated with 4% of lymphomas in patients in the general population. 27 
Sioutos et al 42 analyzed 42 cases of PTLD. Of these, nine cases failed to show gene rearrangements by either Southern Sensitivity:
The relative sensitivity of PCR vs Southern blotting is controversial, with some authors suggesting compablotting or PCR; seven cases were negative by Southern blotting but were positive by PCR. Although PTLD is considered rable, 6 ,41 heightened, 42 or reduced sensitivity 22,39 of PCR compared to Southern blotting. Our data would suggest that the a clonal disorder, it may be self-limiting 50 and may regress, regardless of the presence of a clonal lymphoid population, sensitivity of PCR is dependent on the relative number of rearranged loci within the polyclonal lymphoid cells present when immunosuppressive therapy is descreased. 51 In our study, two patients with PTLD had EBV detected by Southern in the sample which co-amplify with the clonal population. We recommend that individual laboratories confirm the relablotting which indicated that the disease was at an advanced stage. Of the remaining patients (11/12), the lymphoprolifertive sensitivities of PCR vs Southern blotting for antigen receptor genes to determine optimal conditions for diagnostic ation resolved after immunosuppression was decreased and were alive at follow-up (see Table 4 ). We concluded that in interpretation of samples. the transplantation setting, the level of EBV 49 or the detection of a monoclonal EBV population by Southern blotting may be of more use, than simply the detection of EBV or a clonal
Analysis of peripheral blood vs bone marrow:
Several reports have suggested that clonal rearrangements may differ lymphoid population. with respect to the site from which tissue was obtained. 43, 44 Beishuizen et al 43 demonstrated differences between peripheral blood and bone marrow in cases of bi-clonal disease Conclusions where extra bands visualized by Southern blotting in bone marrow were absent from peripheral blood. This suggested Molecular analysis of antigen receptors should not be consubclone formation in the compartment of origin. Yokota et sidered an independent diagnostic tool, rather these techal 44 analyzed the peripheral blood and bone marrow of 26 niques complement clinical, morphological and immunologic cases of acute lymphocytic leukemia in remission and found analysis. We suggest that the detection of TCR ␥ rearrangefive cases yielding a negative PCR result in the peripheral ments is useful and in the majority of cases either PCR or blood which were positive in the bone marrow. In this study, Southern blotting is accurate in assessing the configuration of a clonal population was detected in the bone marrow but this locus. The IgH gene, on the other hand, appears to be absent from the peripheral blood. This was attributed to either more problematic, with greater discrepancies between the compartmental expansion confined to a particular tissue or, techniques. The sensitivity of PCR vs Southern blotting is in the case of PCR, the increased sensitivity due to the relative dependent on the relative number of polyclonal to clonal cells numbers of polyclonal to clonal lymphoid cells in the sample. present. In our laboratory, PCR for the IgH locus is used as a When a clonal population was detected in the peripheral screening method and Southern blotting confirms these findblood but was absent in bone marrow, clonal reactivity canings. We recommend the following: not be excluded and we recommend repeat sampling.
• In samples, not classifiable by standard techniques, the detection of a clonal population is significant and suggests an underlying malignant process.
Post-transplant lymphoproliferative disorder (PTLD):
Posttransplant lymphoproliferative disorders are a recognised
• In cases where there is a significant number of abnormal cells and an inability to detect a clonal population, we recconsequence of immunosuppression following transplantation. Immunosuppression, in particular anti-T cell therapy, ommend confirmation by further samples or the use of a second methodology. allows the proliferation of EBV-infected B cells and on occasion T cell proliferation. Ninety-five percent of PTLD
• Individual laboratories should confirm sensitivities of PCR for antigen receptor genes to determine optimal conditions show evidence of EBV involvement. 45 EBV-related lymphoproliferations are heterogeneous and range from diffuse hyperfor the diagnostic interpretation of samples.
• Replicate testing of samples that are analyzed by PCR aids plasia to polymorphic lymphoma. Many of these tumors are of B cell phenotype; few are of T cell origin. 46 The origin of the interpretation.
• The origin of the tissue examined is significant. We would the T cells in these transplant patients is unclear.
Proliferating EBV-positive lymphocytes can be either nonsuggest that the relative sensitivity due to the number of polyclonal lymphoid cells differs between tissues. clonal, oligoclonal or monoclonal depending on the time the lesion is examined. 47 Viral replication is dependent on the • The value of analyzing antigen receptor rearrangements in cases of PTLD is questionable. We suggest that there may continued infection of lymphocytes that proliferate, often in a polyclonal or oligoclonal manner. Once malignant transformbe more clinical value in assessing either the level or clonality of EBV present in clonal lymphoid populations. ation has occurred, lymphoid proliferation becomes 
